InGaAs epitaxial layers lattice-matched to InP were implanted by 100 keV H + ions with a fluence of 1 × 10 17 cm −2 . The implantation-induced surface deformations were reported in the form of surface blistering and exfoliation (large area craters) after post-implantation annealing. Cross-sectional transmission electron microscopy of the as-implanted InGaAs showed the formation of an in-depth damage band with a width of about 350 nm, incorporated with platelet-like extended defects. Atomic force microscopy showed that the RMS roughness of the exfoliated regions was about 20 nm and the exfoliation depth was about 870 nm, which was close to the peak of hydrogen concentration for 100 keV hydrogen in InGaAs.
Introduction
The heterogeneous integration of compound semiconductors with conventional silicon-based devices is the main topic of the current research scenario from both material and technical points of view [1] . One can realize the driving force behind these trends due to the numerous applications associated with the physical properties of these materials, especially with III-V compound semiconductors and their ternary and quaternary counterpart such as In 1−x Ga x As [2, 3] . In particular, InGaAs has promising advantages in both optical communications and higher power devices due to the large carrier mobility and optimum electronic direct bandgap in comparison to silicon and GaAs-based devices [4, 5] . For the heteroepitaxial growth of InGaAs or InP on the silicon substrate, one can potentially use metal organic chemical vapour deposition (MOCVD) or molecular beam epitaxy (MBE) techniques [6, 7] . But this heteroepitaxial growth of InGaAs or InP on silicon would lead to the formation of high dislocation density in these epitaxial layers. These defective layers hence cannot be used further for any optoelectronic device applications [8, 9] . However, hydrogen-induced layer splitting in combination with direct wafer bonding (DWB) can be potentially used to transfer thin films of InGaAs or InP onto silicon or other foreign substrates [10] [11] [12] . In the past, some studies were carried out involving the hydrogen implantation of InP for layer transfer applications [2, 13] . But the hydrogen implantation-induced layer splitting process in InP is not very reliable because of its extreme sensitivity towards sample holder temperature and high diffusivity of hydrogen in InP [13] . Hence it is very difficult to control the hydrogen-induced blistering process to occur only after the post-implantation annealing step, which is necessary for the eventual ion-cut process. However in InGaAs, the hydrogen diffusivity is comparatively lower and the blistering process is more controlled in the sense that this process is not very sensitive to implantation temperature and ion current density. Hence blistering occurs only after post-implantation annealing, which can assist in the easy transfer of InP layers. Moreover, the transfer of InP layers assisted with the InGaAs approach may be free from any type of implantation-induced defects with a perfectly smooth surface. Figure 1 shows a schematic of how this approach can be utilized for the transfer of thin InP layers. In the literature, only Chen et al have used this approach without much investigation of annealing parameters' dependence on the blistering behaviour of hydrogen-implanted InGaAs [14] . In this report, we have proposed an alternate way of InP layers' transfer by performing the hydrogen ion implantation in InGaAs lattice-matched to InP with the detailed study of blistering/exfoliation phenomena at different post-implantation annealing temperatures and times.
Experimental work
In 0.53 Ga 0.47 As epitaxial layers of thickness 2 μm were grown on lattice-matched semi-insulated (1 0 0) InP wafers having 2 diameter using the MBE technique. These InGaAs layers were grown at a substrate temperature of 520
• C with a growth rate of 0.35 nm s −1 . The wafer was then diced into different small samples of size 1 × 1 cm 2 . These samples of the InGaAs/InP heterostructure were then fixed on a sample holder by applying thick silver epoxy on the backside of the samples, so that their proper thermal contact with a sample holder can be ensured. The sample holder was then loaded carefully into the implantation chamber. After evacuating the implantation chamber, the samples were then implanted by 100 keV hydrogen (H + ) ions with a fluence of 1 × 10 17 cm −2 . The ion current density was 10 μA cm −2 and sample holder temperature was kept at room temperature (RT) during implantation. The hydrogen ion implantation was performed at the low energy ion beam facility (LEIBF) [15] of the Inter University Accelerator Centre (IUAC), New Delhi. During implantation the sample surface normal was inclined at ∼7
• off relative to the incident ion beam in order to avoid ion channeling effects [16] . After implantation, the samples were taken out from the implantation chamber and cut into smaller pieces followed by thermal annealing at higher temperatures up to 450
• C for different durations in the range of 2-60 min in an air ambient box-type furnace. The samples were investigated in the as-implanted state and after post-implantation annealing using Nomarski optical microscopy, atomic force microscopy (AFM) and cross-sectional transmission microscopy (XTEM). The XTEM measurements were carried out using a Philips CM20 T machine operated at an accelerating voltage of 200 kV.
Results and discussion
The hydrogen-implanted InGaAs epitaxial layers did not undergo any morphological changes in the implanted surface with respect to the un-implanted InGaAs samples. Moreover, even the post-implantation annealing of the InGaAs samples at 300
• C for 4 min results in surface morphology similar to the as-implanted state ( figure 2(a) ). Hence, figure 2 shows representative images of the un-implanted, as-implanted and post-implantation annealed states of the InGaAs samples at 300
• C for less than 5 min. The InGaAs samples displayed surface deformations in the form of surface blistering after post-implantation annealing at 300
• C for 5 min, with the size of these blisters in the range of 5-15 μm as shown in figure 2(b). However, surface exfoliation (large area craters) with some blisters was formed in the hydrogen implanted InGaAs samples after post-implantation annealing at the same temperature but for 10 min ( figure 2(c) ). The lateral dimensions of these craters varied from 20 to 100 μm over the implanted InGaAs surface. Further, the post-implantation annealing of the hydrogen-implanted InGaAs samples at 400
• C for the same time of 10 min showed that the exfoliated regions were extended upto a few hundreds of micrometres laterally over the implanted surface ( figure 2(d)) . A similar behaviour of the exfoliated surface was also observed in the hydrogen-implanted InGaAs samples after post-implantation annealing at 450
• C for a different time. Hence, as annealing temperature increases, the surface exfoliation has more dominance over the surface blistering. However, usually higher temperature annealing is not preferable for the ion-cut process [1] . Hence, we have not observed any surface blistering/exfoliation in the as-implanted and postimplantation annealed InGaAs samples at 300
• C for time less than 5 min. In order to further study the surface morphology of the InGaAs samples we have carried out detailed AFM measurements in a contact mode. Figure 3(a) shows a very low surface roughness of the as-implanted InGaAs sample on a 10 × 10 μm 2 scan area with an RMS value of about 1 nm. However, quite a high RMS roughness of about 20 nm was observed over the same scan area in the • C for 5 and 10 min, respectively, and (d) after post-implantation annealing at 400
• C for 10 min. exfoliated regions after post-implantation annealing at 300
• C for 10 min as shown in figure 3(b) . It is worth mentioning here that this value of the exfoliated regions is much smaller than the recent reported work by Chen et al for the as-transferred InGaAs layer. They obtained an RMS roughness of about 72 nm on a 5 × 5 μm 2 scan area using 160 keV hydrogen ions for the implantation of InGaAs at RT with a fluence of 8 × 10 16 cm −2 [14] . Hence in our case, we have obtained a much smoother exfoliated surface in the hydrogen-implanted InGaAs samples after post-implantation annealing. Therefore, our samples would only need a moderate chemical mechanical polishing (CMP) to carry out the layer transfer of InGaAs or it can also be completely etched out to get an atomically smooth transfer of the InP layer assisted with InGaAs, which will be almost free from any growth-related and implantationinduced defects (see the schematic in figure 1) . Moreover, the sectional analysis of the edges of exfoliated regions (craters) (see figure 3(c) ) showed an average depth of about 870 nm from where the exfoliated areas were completely detached from the implanted surface after post-implantation annealing at 300
• C for 10 min. This average value of exfoliation depth lies closer to the hydrogen concentration peak located at 800 nm as predicted by the SRIM 2008 (Stopping and Range of Ions in Matter) [4] simulations rather than to the damage peak that is located at about 740 nm (figure 4). Hence we have concluded that the layer splitting has taken place in a region closer to the hydrogen peak inside the InGaAs samples after post-implantation annealing at elevated temperatures. In order to investigate the nature of implantation-induced damage we have carried out a cross-sectional TEM analysis of the asimplanted InGaAs samples. Figure 5 shows a cross-sectional TEM image of the hydrogen-implanted InGaAs sample at RT in the as-implanted state. It shows the formation of implantation-induced damage band extending between 650 and 1000 nm from the top of the implanted surface of InGaAs. This damage band consists of platelet-like structural extended defects located just near the centre of the damage band. These platelets were distributed laterally along the damage band having (1 0 0) orientation, i.e. parallel to the implanted surface. But these extended defects were relatively isolated in the asimplanted state with their lateral spacing of about 0.5-1.0 μm. The higher magnification cross-sectional TEM image of the as-implanted InGaAs samples shows the formation of semi-circular strain field contours surrounding each platelet from both sides, and the lateral dimensions of these platelets varied from 50 to 100 nm (figure 6). These extended defects were associated with the various types of hydrogen implantation-induced defects in the form of vacancies, interstitials, hydrogen defect complexes and point defect complexes within the damage band [17] . Such implantation-induced defects are mobile and can trap the implanted hydrogen which eventually results in the formation of hydrogen-induced platelets-like extended defects in the as-implanted state [18] . It is worth mentioning here that during hydrogen ion implantation at RT the actual sample temperature may rise above the RT value because of the InP substrate (on which the epitaxial layer of InGaAs is grown) having a moderate value of thermal conductivity of 0.6 W cm −1 • C −1 . Since InGaAs is more resilient towards implantation-induced damage and has low hydrogen diffusivity with respect to InP [17] , hence due to beam heating effects the increased implantation temperature may provide only limited diffusion within the damage band. This results in the agglomeration of hydrogen in the extended defects (platelets) [19, 20] . So, in InGaAs the out-diffusion of hydrogen from the narrow damage band is not much pronounced in comparison with InP (as has been reported earlier by Singh et al [13] ). After the post-implantation annealing of the implanted InGaAs, the molecular hydrogen induces internal pressure inside the platelets. But this hydrogen-induced internal pressure is usually not sufficient to eventually form blisters and exfoliated regions on the surface. Now the diffusion of hydrogen in InGaAs increases with the increase in annealing temperature and time [20] . Hence post-implantation annealing at 300
• C (for time more than 5 min) is sufficient to provide hydrogen-induced pressure inside the platelets to grow more in size in the lateral manner. This leads to the merging of these platelets together along the (1 0 0) plane and hence the formation of hydrogenrelated over-pressurized microcracks [14] at a depth of about 870 nm (figure 5). As the depth at which these platelets are formed is much larger than their lateral dimensions of 50-100 nm, these over-pressurized microcracks finally agglomerate together and ultimately lift the top layer over them in the form of surface blistering/exfoliation (large area craters) depending upon the annealing time for the annealing at 300
• C. This value of the platelet formation depth was similar to the average value of the exfoliation depth as measured by the above AFM analysis (see figure 3(c) ). So in H-implanted InGaAs, the layer splitting/exfoliation took place at a depth where extended defects were located within the damage band and were close to the hydrogen concentration peak. However, as the annealing temperature increases, there is a greater probability of the lateral segregation of more hydrogen-induced platelets, which allow them to deform the implanted layers in the form of exfoliated regions extending over a large surface ( figure 2(d) ). It is worth mentioning here that the H-implantation-induced layer transfer of InGaAs can also be used for an easy layer transfer of InP (as shown in figure 1 ) in the case when the InP layer is grown over the InGaAs layer and the H-implantation is done in InGaAs.
Conclusions
The In 0.53 Ga 0.47 As epitaxial layers were implanted by 100 keV hydrogen ions at RT with a fluence of 1 × 10 17 cm −2 . The post-implantation annealing at higher temperatures resulted in surface blistering/exfoliation depending upon the annealing temperature and time. The cross-sectional TEM analysis of the as-implanted InGaAs samples showed the formation of an implantation-induced damage band filled with plateletlike extended planar defects of sizes about 50-100 nm. The AFM results showed that the RMS roughness of the exfoliated regions was about 20 nm. The depth of the exfoliated regions was found to be about 870 nm, which is close to the hydrogen concentration peak as shown by SRIM simulations. The study of the H-implantation of InGaAs can potentially be used for the thin film transfer of InGaAs as well as InP layers.
